Abstract-While the etiology of Parkinson's disease (PD) remains unknown, there is overwhelming evidence that neuroinflammation plays a critical role in the progressive loss of dopamine (DA) neurons. Because nearly all persons suffering from PD receive L-DOPA, it is surprising that inflammation has not been examined as a potential contributor to the abnormal involuntary movements (AIMs) that occur as a consequence of chronic L-DOPA treatment. As an initial test of this hypothesis, we examined the effects of exogenously administered corticosterone (CORT), an endogenous antiinflammatory agent, on the expression and development of L-DOPA-induced dyskinesia (LID) in unilateral DA-depleted rats. To do this, male Sprague-Dawley rats received unilateral medial forebrain bundle 6-hydroxydopamine lesions. Three weeks later, L-DOPA primed rats received acute injections of CORT (0 -3.75 mg/kg) prior to L-DOPA to assess the expression of LID. A second group of rats was used to examine the development of LID in L-DOPA naïve rats co-treated with CORT and L-DOPA for 2 weeks. AIMs and rotations were recorded. Exogenous CORT dose-dependently attenuated both the expression and development of AIMs without affecting rotations. Real-time reverse-transcription polymerase chain reaction of striatal tissue implicated a role for interleukin-1 (IL-1) ␤ in these effects as its expression was increased on the lesioned side in rats treated with L-DOPA (within the DA-depleted striatum) and attenuated with CORT. In the final experiment, interleukin-1 receptor antagonist (IL-1ra) was microinjected into the striatum of L-DOPA-primed rats to assess the impact of IL-1 signaling on LID. Intrastriatal IL-1ra reduced the expression of LID without affecting rotations. These findings indicate a novel role for neuroinflammation in the expression of LID, and may implicate the use of antiinflammatory agents as a potential adjunctive therapy for the treatment of LID.
Parkinson's disease (PD) is a progressive neurodegenerative disease characterized by resting tremor, poverty of movement, postural instability, and rigidity (Dauer and Przedborski, 2003) . The pathological hallmark of PD is the presence of proteinaceous inclusions called Lewy bodies and the preferential death of dopamine (DA) neurons within the substantia nigra pars compacta (SNpc). Although the causative agents underlying PD development remain speculative, there is accumulating experimental and clinical evidence that neuroinflammation contributes significantly (McGeer and McGeer, 2004; Whitton, 2007) . For example, inflammatory factors such as tumor necrosis factor-␣ (TNF-␣) and interleukin-1␤ (IL-1␤) are increased within the SNpc and striatum of postmortem PD brains (Mogi et al., 1994; Hirsch et al.,1998) and promote SNpc DA cell death in animals (Viviani et al., 2004; Ferrari et al., 2006) . Moreover, anti-inflammatory agents such as minocycline and dexamethasone attenuated nigral cell loss induced by the DA neurotoxin 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) and the endotoxin lipopolysaccharide (LPS), respectively (Du et al., 2001; Arimoto and Bing, 2003) .
For symptomatic treatment, nearly all PD patients receive DA replacement therapy in the form of L-DOPA. While initially efficacious, prolonged L-DOPA treatment often leads to abnormal and excessive involuntary movements referred to as L-DOPA-induced dyskinesia; LID (Stocchi et al., 1997; Ahlskog and Muenter, 2001) . Although the precise mechanism of LID is not fully understood, it is clear that pre-and post-synaptic elements within the striatum contribute (Picconi et al., 2005; Cenci, 2007) . For example, LID is associated with supraphysiological increases in striatal DA (Buck and Ferger, 2007) and glutamate (GLUT) (Picconi et al., 2002; Robelet et al., 2004) leading to overactive striatal output through the extracellular signal-regulated kinase (ERK) signaling pathway (Santini et al., 2007) that is exemplified by enhanced preprodynorphin (PPD) expression (Cenci, 2002; Tel et al., 2002) . While it is well-documented that DA and GLUT receptor stimulation induces LID and their respective antagonism reduces LID (Bibbiani et al., 2005; Taylor et al., 2005; Mela et al., 2007) , excessive extracellular striatal DA and GLUT may also create a transient pro-inflammatory environment (Farber and Kettenmann, 2005) . This aberrant extracellular milieu may exacerbate ongoing neuroin-flammatory processes and lead to an exaggerated or sensitized pro-inflammatory response in a condition in which damage has already occurred, such as PD (Gao et al., 2003; Cunningham et al., 2005) . Thus, the development and expression of LID may include or be accompanied by an abnormal (sensitized) inflammatory response.
The present study examined the potential relationship between inflammation and LID utilizing the endogenous anti-inflammatory agent corticosterone (CORT) in a rodent model of LID. Acute endogenous CORT has been shown to suppress the immune response at multiple levels via stimulation of glucocorticoid receptors (GR; Guyre et al., 1984) . Because GR are found within all basal ganglia nuclei (Elenkov and Chrousos, 2002) it was hypothesized that acute CORT may reduce LID-induced inflammation and as a result alleviate the expression of LID. However, chronic CORT has also been shown to facilitate neurodegeneration and worsen motor behaviors (Sapolsky, 1985; Sapolsky et al., 1985; Behl et al., 1997; Metz et al., 2005) . Thus, we also examined the impact of adjunctive CORT on LID development. To test this, we employed the abnormal involuntary movements (AIMs) model of LID (Lundblad et al., 2002; Eskow et al., 2007) in 6-hydroxydopamine (6-OHDA)-lesioned rats. The present results indicate that CORT administration reduced both the expression and development of AIMs in a dose-dependent manner. We subsequently employed real-time PCR to examine transcriptional changes as a result of L-DOPA and CORT treatment. Examination of striatal mRNA revealed that IL-1␤, a pro-inflammatory cytokine, is upregulated in L-DOPAtreated rats and attenuated by CORT. In further support of these findings, intrastriatal injection of interleukin-1 receptor antagonist (IL-1ra) site-specifically reduced the expression of AIMs. Collectively, these novel results implicate an important functional relationship between inflammation and LID and in particular a role for striatal IL-1␤.
EXPERIMENTAL PROCEDURES Animals
Adult male Sprague-Dawley rats were used (225-250 g upon arrival; Taconic Farms, Hudson, NY, USA). Animals were housed in plastic cages (22 cm high, 45 cm deep and 23 cm wide) and had free access to standard laboratory chow (Rodent Diet 5001; Laboratory Diet, Brentwood, MO, USA) and water. The colony room was maintained on a 12-h light/dark cycle (lights on at 07:00 h) at a temperature of 22-23°C. Animals and all experiments were maintained and conformed to international and local (Institutional Animal Care and Use Committee of Binghamton) guidelines on the ethical use of animals. All efforts were made to limit the number and suffering of animals.
Surgery
6-OHDA lesion and cannulation surgeries. One week after arrival, all rats (Nϭ73) received unilateral 6-OHDA (Sigma, St. Louis, MO, USA) lesions of the left medial forebrain bundle to destroy DA neurons. Desipramine HCl (25 mg/kg, i.p.; Sigma) was given 30 min prior to 6-OHDA injection to protect norepinephrine (NE) neurons. Rats were anesthetized with inhalant isoflurane (2-3%; Sigma) in oxygen (2.5 l/min), then placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA). The coordinates for 6-OHDA injections were AP: Ϫ1.8 mm, ML: ϩ2.0 mm, DV: Ϫ8.6 mm relative to bregma with the incisor bar positioned 3.3 mm below the interaural line (Paxinos and Watson, 1998) . Using a 10 l Hamilton syringe attached to a 26 gauge needle, 6-OHDA (12 g) dissolved in 0.9% NaClϩ0.1% ascorbic acid was infused through a small burr hole in the skull at a rate of 2 l/min for a total volume of 4 l. The needle was withdrawn 1 min later. For a subset of rats (nϭ40), 22 gauge guide cannula (Plastics One, Roanoke, VA, USA) were placed bilaterally into the central striatum, AP: ϩ0.4 mm, ML: Ϯ2.9 mm, DV: Ϫ3.6 mm (Paxinos and Watson, 1998) immediately following 6-OHDA lesion. Cannulae were fixed in place using liquid and powder dental acrylic (Plastics One). At the completion of surgery, guide cannulae were fitted with 28 gauge inner stylets (Plastics One) to maintain patency. Following surgery, all rats were placed in clean cages on warming pads to recover from the surgery, after which they were returned to group-housing (two rats/cage for lesion only, single housing for cannulated rats). Soft chow was provided as needed to facilitate recovery during the first week after surgery. All rats were allowed to recover for 3 weeks before testing commenced.
Experimental design
Experiment 1: dose response to exogenous CORT. A between subjects design was utilized to determine plasma CORT levels in non-lesioned rats produced by peripheral CORT injections that fall within the physiological range for what is normally evoked by stressors across a wide range of intensities (Kalman and Spencer, 2002) . Rats (nϭ6 -7 per group) were injected s.c. with vehicle, 1.25 mg/kg, 2.5 mg/kg, or 3.75 mg/kg of CORT (Sigma) dissolved in EtOH (16%), propylene glycol (44%), and phosphate buffer saline (40%; see Kalman and Spencer, 2002) . Blood was sampled at 30, 60, 120, and 240 min following CORT injection. Repeated blood samples (ϳ150 ml) were collected using the tail-clip method by gently stroking the tail as described previously (Deak et al., 2005; Barnum et al., 2007) . All blood was collected within 2 min to ensure the samples were not tainted by stress of the sampling procedure. Total plasma CORT was determined using radioimmunoassay (see detailed methods below).
Experiment 2: Impact of acute administration of CORT on the expression of AIMs. The second experiment used a within subjects design to examine whether the expression of LID changed as a result of acute CORT administration. To test this, rats (nϭ13) were primed with L-DOPA (4 mg/kg, i.p.; Sigma)ϩDL-serine 2-(2,3,4-trihydroxybenzyl) hydrazide hydrochloride (benserazide; 15 mg/kg, i.p.; Sigma) (Taylor et al., 2005; Putterman et al., 2007) for 7 days until all rats demonstrated consistent AIMs (axial, forelimb, orolingual (ALO) AIMsՆ10; see detailed methods below). All rats that reached criterion by day 5 received each dose of CORT (1.25, 2.5, 3.75 mg/kg, s.c.) and vehicle 30 min prior to L-DOPA beginning on day 8 and ALO AIMs and rotations were quantified every 20 min for 2 h every 3-4 days thereafter. Treatments were counterbalanced to control for order effects. Following the completion of the study, rats were killed and striata were processed for monoamine analysis with high performance liquid chromatography (HPLC) as described below.
Experiment 3: The effects of chronic CORT on the development of AIMs. The third experiment employed a between subjects design to examine the development of LID in L-DOPA-naïve rats (nϭ8 -9 per group). Two weeks post-lesion and a week prior to experimentation, rats were subjected to the forepaw adjusting steps (FAS) test to determine motor disability (see Eskow et al., 2007 for details) which strongly correlates with degree of DA depletion (Olsson et al., 1995; Chang et al., 1999) . Based on these results, rats were assigned to equally disabled groups. Beginning on day 1, rats (nϭ8 -9 per group) were treated with either vehicle, low (1.25 mg/kg), or high (3.75 mg/kg) dose of CORT 30 min prior to L-DOPA (4 mg/kg)ϩbenserazide (15 mg/kg) for nine consecutive days. From day 10 -15, all rats received L-DOPAϩbenserazide only. Immediately following L-DOPA administration on days 1, 3, 5, 8, and 15, ALO AIMs and rotations were quantified every 20th min for 2 h. Following the completion of the AIMs test on day 15, rats were killed and striata were processed for HPLC analysis.
Experiment 4: Striatal mRNA expression in rats co-treated with L-DOPA and CORT. Our initial transcriptional analyses focused on three sets of factors: (i) mRNA for preproenkephalin (PPE), PPD, and preprotachykinin (PPT) given the extant literature supporting an association between activity of these neuropeptides and the expression of LID (Cenci 2007) ; (ii) mRNA for D1 and D2 receptors as a preliminary test of whether exogenous CORT influenced DA function; and (iii) mRNA for several key pro-inflammatory cytokines (IL-1, TNF-␣ and interleukin-6 (IL-6)) to establish a potential mechanism(s) underlying the anti-dyskinetic properties of exogenous CORT because corticosteroid treatment has pronounced anti-inflammatory properties . To test this, rats (from experiment 2) were assigned to one of two equally dyskinetic groups (nϭ6 -7 per group) and were injected (i.p.) with either CORT (3.75 mg/kg) or vehicle 30 min prior to L-DOPA (4 mg/kg)ϩbenserazide (15 mg/kg) treatment and then killed by rapid decapitation 2 h later. Striata were dissected and processed for HPLC and real-time reverse-transcription polymerase chain reaction (RT-PCR) analysis as described below. As described below, relative gene expression was quantified using the 2 Ϫ⌬⌬CT method according to Pfaffl (2001) and Livak and Schmittgen (2001) using the non-lesioned, vehicle-treated striata as the ultimate control.
Experiment 5: The role of IL-1 in the expression of AIMs.
To further delineate a potential mechanism by which CORT reduces LID, we examined whether AIMs could be reduced by intrastriatal injection of IL-1ra (Amgen, Thousand Oaks, CA, USA). To test this, intrastriatally cannulated rats (nϭ9 -12 per group) were primed with L-DOPA (4 mg/kg)ϩbenserazide (15 mg/kg) for 7 days until all rats demonstrated consistent AIMs. If criterion was achieved (ALO AIMsՆ10), rats were matched for AIMs and assigned to one of three groups in a between subjects design. Three days after the last day of priming, rats received an acute bilateral intrastriatal infusion of 1.34-l (0.5 l/min) of 10-g IL-1ra, 100-g IL-1ra, or vehicle (sterile saline) immediately prior to L-DOPA after which ALO AIMs and rotations were quantified over 2 h. Following these tests, rats were killed and striata were processed for HPLC and verification of cannula placement.
AIMs
Rats were monitored for AIMs using a procedure described previously (Dupre et al., 2007; Eskow et al., 2007) and similar to that initially depicted by Lundblad and colleagues (2002) . On test days (09:00 -14:00 h), rats were individually placed in plastic trays (60 cmϫ75 cm) 5 min prior to pretreatments. Following L-DOPA injection, a trained observer blind to treatment condition assessed each rat for exhibition of ALO AIMs. Each new rater was trained for a minimum of three sessions and then correlated with a welltrained instructor. A correlation of Ն90% with the instructor is required before new raters can score AIMs. Inter-rater reliability for AIMs in the current studies was Ն95%. In addition, contralateral rotations, defined as complete 360°turns away from the lesioned side of the brain, were tallied. No ipsilateral rotations, defined as complete 360°turns toward the lesioned side of the brain, were observed during testing at the doses tested. Dystonic posturing of the neck and torso, involving positioning of the neck and torso in a twisted manner directed toward the side of the body contralateral to the lesion, were referred to as "axial" AIMs. "Forelimb" AIMs were defined as rapid, purposeless movements of the forelimb located on the side of the body contralateral to the lesion. "Orolingual" AIMs were composed of repetitive openings and closings of the jaw and tongue protrusions. The movements are considered abnormal since they occur at times when the rats are not chewing or gnawing on food or other objects. Every 20th min for 2 h, rats were observed for two consecutive minutes. Rats were rated for AIMs during the 1st minute and rotational behavior in the 2nd minute. During the AIMs observation periods (beginning 20, 40, 60, 80, 100 , and 120 min post-injection), a severity score of 0 -4 was assigned for each AIMs category: 0ϭnot present, 1ϭpresent for less than 50% of the observation period (i.e. 1-29 s), 2ϭpresent for more than 50% or more of the observation period (i.e. 30 -59 s), 3ϭpresent for the entire observation period (i.e. 60 s) and interrupted by a loud stimulus (a tap on the wire cage lid), or 4ϭpresent for the entire observation period but not interrupted by a loud stimulus. For each AIMs category, the scores were summed for the entire 2 h period. Thus, the theoretical maximum score for each type of AIM was 24 (4ϫ6 periods) although observed scores were never this severe. For statistical analysis, three of the AIMs subcategories (ALO AIMs) and rotations were summed for the entire 2-h period.
Tissue processing
Tissue was harvested after rapid decapitation and striata were quickly removed on a cold plate, flash frozen, and stored at Ϫ70°C until time of assay. For each rat, left and right striata (between ϩ0.6 and 0.6 from bregma) were bisected for HPLC and/or RT-PCR analysis depending upon the experiment. Striata processed for HPLC were homogenized in 0.1 M perchloric acid using a motorized pestle and centrifuged at 4°C at 14,000 rpm for 30 min. Supernatant was transferred to a new tube and stored at Ϫ80°C until time of assay. The residual pellet was re-suspended in phosphate buffer saline (PBS) and assessed for total protein using the method of (Bradford, 1976) . For RT-PCR, tissue was processed using Qiagen's (Valencia, CA, USA) RNeasy mini protocol for isolation of total RNA from animal tissues (Leroy et al., 2000; RNeasy Mini Handbook, 3rd edition, 2001 ) with slight modifications. Briefly, on the day of assay, frozen striata were quickly placed into a 1.5 ml Eppendorf containing 350 l buffer RLTϩ␤-mercaptoethanol (Sigma). Tissue was homogenized using a motorized pestle and passed through Qiagen QIAshredder columns to shear residual genomic DNA and ensure thorough homogenization of samples. Equal volume of 70% ethanol was added to the supernatant and purified through RNeasy mini columns. Columns were washed with buffer and eluted with 30 L of RNase-free water (65°C). First strand cDNA synthesis was performed according to manufacturer's instructions with 8 l of total RNA using oligo DT primer according to manufacturer protocols (First-Strand cDNA Synthesis Kit, Amersham Biosciences) and stored at Ϫ20°C.
Histology
To verify cannula placement, a coronal dissection was made posterior to the cannulation and the anterior section of the brain was flash frozen in 2-methylbutane (EMD Chemicals Inc., Gibbstown, NJ, USA). Striata were sectioned at 20 m (coronal) on a cryostat, stained with Cresyl Violet, and examined under light microscopy. All rats were found to have injector placements within the boundaries of the striatum (see Fig. 6 ).
HPLC
Reverse-phase HPLC coupled to electrochemical detection was performed on striatal tissue according to the protocol of Kilpatrick and colleagues (1986) . The ESA system (Chelmsford, MA, USA) included an autoinjector (Model 542), an ESA solvent delivery system (1582), an external pulse dampener (ESA), an ESA Guard-Pak column, and a MD-150 column (ESA). Samples were homogenized in ice-cold perchloric acid (0.1 M), 1% ethanol, and 0.02% EDTA and spun for 30 min at 16,100ϫg with the temperature maintained at 4°C. Aliquots of supernatant were then analyzed for abundance of DA and 3,4-dihydroxyphenylacetic acid (DOPAC). Samples were separated using a mobile phase composed of 90 mM sodium dihydrogen phosphate (monobasic, anhydrous), 0.05 mM EDTA, 1.7 mM octane sulfonic acid, and 10% acetonitrile, adjusted to pH 3.0 with o-phosphoric acid. A coulometric detector configured with three electrodes (Coulochem III, ESA) measured content of monoamines and metabolites. An ESA model 5020 guard cell (ϩ300 mV) was positioned prior to the autoinjector. The analytical cell (ESA model 501lA; first electrode at Ϫ100 mV, second electrode at ϩ250 mV) was located immediately after the column. The second analytical electrode emitted signals that were recorded and analyzed by EZChrom Elite software via a Scientific Software, Inc. (SS420) module. The final oxidation current values were compared with known standard concentrations (10 Ϫ6 -10
Ϫ9
) and adjusted to total striatal protein content using the method of Bradford (1976) and expressed as nanogram (ng) of monoamine or metabolite per milligram (mg) tissue protein (meanϮ1 S.E.M.).
Radioimmunoassay for CORT
Plasma CORT was measured by radioimmunoassay using rabbit antiserum (antibody B3-163, Endocrine Sciences, Tarzana, CA, USA) as previously described (Deak et al., 2005; Barnum et al., 2007) . This antiserum was employed due to its low cross reactivity with other glucocorticoids and their metabolites. Assay sensitivity was 0.5 g/dl (assay volumeϭ20 l plasma). The intra-assay coefficient of variation was 8%.
Real-time RT-PCR
PCR product was amplified using the IQ SYBR Green Supermix kit (BioRad). Briefly, a reaction master mix (total volume 20 l) consisting of 10 L SYBR Green Supermix, 1 l primer (final concentration 250 nM), 1 l cDNA template, and 8 l RNase-free water was run in duplicate in a 96 well plate (BioRad) according to the manufacturer's instructions and captured in real-time using the iQ5 Real-Time PCR detection system (BioRad). Following a 3 min hot start (95°C), samples underwent 30 s of denaturation (95°C), 30 s of annealing (60°C), and 30 s of extension (72°C) for 40 cycles. An additional denaturation (95°C, 1 min) and annealing cycle (55°C, 1 min) was conducted to ensure proper product alignment prior to melt curve analysis. For melt curve analysis, samples underwent 0.5°C changes every 15 s ranging from 55°C to 95°C. A single peak expressed as the negative first derivative of the change in fluorescence as a function of temperature indicated the presence of a single amplicon. Primer sequences are presented in Table 1 . Relative gene expression was quantified using the 2 Ϫ⌬⌬CT method as described previously using calcium modulating cyclophilin ligand (CAML) as a reference gene (Livak and Schmittgen, 2001; Pfaffl, 2001 ).
Data analyses
Monoamine and metabolite levels in the striatum were analyzed using paired t-tests (comparing intact versus lesioned striata). Treatment effects for ALO AIMs were analyzed by employing non-parametric between subjects Kruskal-Wallis or within subjects Friedman tests. Rotations and plasma CORT levels were analyzed using a two-way and repeated measures analysis of variance (ANOVAs), respectively. Significant differences between treatments were determined by Wilcoxon post hoc comparisons for ALO AIMs, and planned comparison post hoc tests for ALO AIMs and rotations in experiment 5. Relative gene expression (expressed as meansϮ1 S.E.M. from control) was analyzed using two-way ANOVA followed by planned comparison post hoc tests. All data are expressed as meansϮ1 S.E.M. Analyses were performed with the use of Statistica software '98 (Statsoft Inc., Tulsa, OK, USA). Alpha was set at PϽ0.05. Specific gene sequences were obtained from GenBank at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) and copied into Primer3 for primer design (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Primer specificity was verified using the Basic Local Alignment Search Tool (http://www.ncbi.nlm.nih.gov/blast/), and ordered from Integrated DNA Technologies (Coralville, IA, USA). In some cases, primers were taken from the literature. Whenever possible primers were designed to span an intron.
Abbreviations: DR1, dopamine receptor 1; DR2, dopamine receptor 2.
RESULTS

Monoamine and metabolite levels
The effects of the 6-OHDA lesion on concentrations of monoamine and metabolite levels and turnover ratios (metabolite/monoamine) in the intact (right) versus lesioned (left) striata were examined using HPLC across all experiments (see Table 2 ). Unilateral 6-OHDA injection into the medial forebrain bundle produced significant reductions in striatal DOPAC and DA levels (PϽ0.05), 88% and 96% respectively, compared with intact striatum. The denervated side also showed an increased DOPAC/DA turnover rate (295%) compared with control (PϽ0.05).
Experiment 1: Dose response to exogenous CORT
A two-way ANOVA was used to determine potential differences in plasma CORT following doses of exogenous CORT injection over time (see Fig. 1 ). Plasma levels of CORT differed depending on the CORT dose administered [F(3,21) 
Experiment 2: Impact of acute administration of CORT on AIMs expression
The same doses of CORT used in experiment 1 were tested in L-DOPA-primed rats to determine their effects on ALO AIMs and rotations. As shown in Fig. 2 
Experiment 3: The effects of chronic CORT on the development of AIMS
The third experiment examined the development of AIMs in L-DOPA-naïve rats. As shown in Fig. 3 , analysis of the development of ALO AIMS revealed significant treatment effects at day 1 ( 2 2 ϭ5.8, PϽ0.05), day 3 ( 2 2 ϭ4.0, 
Experiment 4: Striatal mRNA expression in rats co-treated with L-DOPA and CORT
RT-PCR was employed to test whether CORT pre-treatment altered the expression of inflammatory factors and neuropeptides within the striatum of L-DOPA-primed rats (see Fig. 4 . Planned comparisons on highest order effects revealed that 6-OHDA lesion reduced striatal PPT mRNA and CORT suppressed L-DOPA-induced increases in IL-1, PPE, and PPD mRNA expression within the lesioned striatum (PϽ0.05). No changes in TNF-␣, IL-6, D1R, or D2R mRNA were observed.
Experiment 5: The role of IL-1b in the expression of L-DOPA-induced dyskinesia
In order to test whether the reduction in ALO AIMs following CORT administration was mediated by IL-1␤, rats received intrastriatal infusion of vehicle, 10-g, or 100-g of IL-1ra followed immediately by L-DOPA and then assessed for AIMs and rotations for 2 h. As Fig. 5 demonstrates, there was a dose-dependent reduction in ALO AIMs and rotations following intra-striatal injection of IL-1ra, however, with all doses included, this approached but did not achieve statistical significance, 2 2 ϭ4.9, PϾ0.05 and [F(2,26)ϭ2.89, PϾ0.05], respectively. Because our a priori prediction was that the high (100-g) dose of IL-1ra would attenuate ALO AIMs, a planned comparison was also conducted between the high dose of IL-1ra and vehicle-treated rats. Planned comparisons revealed that the suppressive effect of IL-1ra (100-g) on ALO AIMs ( 1 2 ϭ4.75, PϽ0.05) and rotations [F(1,18) 
DISCUSSION
Convergent evidence supports the hypothesis that neuroinflammation contributes to the progressive loss of DA neurons in PD by direct recruitment of apoptotic pathways or through increased production of reactive oxygen species (Schulz et al., 1995; He et al., 2000; Anderson, 2001) . While DA replacement therapy with L-DOPA provides unique symptomatic relief of PD-related movement disability, repeated administration leads to the development of LID (Jankovic, 2005) . Traditional investigations of LID have focused primarily upon DA, GLUT and their signaling pathways. The results presented here suggest that corticosteroid signaling may moderate LID via inhibitory actions on inflammatory signaling pathways.
The purpose of the present series of studies was to examine whether exogenous CORT modulates the development and expression of LID in the hemi-parkinsonian rat. To do this, we first determined doses of exogenous CORT that mirror plasma CORT levels within the physiological range. This is important because the physiological and behavioral effects of CORT have been shown to be dependent upon dose and duration of corticosteroid exposure Abraham et al., 2000; Nichols et al., 2005) . We tested doses initially reported by Kalman and Spencer (2002) by analyzing plasma CORT levels at various time-points for 240 min. As depicted in Fig. 1 , each dose of exogenous CORT produced robust and statistically different levels of plasma CORT at nearly all timepoints examined (240 min time-point is the exception). Importantly, CORT remained elevated for at least 2 h, corresponding to the duration of behavioral monitoring employed in the current study.
As an initial investigation into the effects of CORT on LID, hemi-parkinsonian rats were primed with a dose of L-DOPA (4 mg/kg) that produces moderate AIMs (Lundblad et al., 2002; Winkler et al., 2002; Taylor et al., 2005; Putterman et al., 2007) . These L-DOPA-primed rats were then tested multiple times to examine the effects of CORT on LID expression. As seen in the vehicle-treated rats (Fig.  2) , L-DOPA led to a significant induction of ALO AIMs and contralateral rotations. Because plasma CORT levels peaked 30 min following CORT injections, rats were injected with CORT 30 min prior to L-DOPA treatment on test days. Exogenous CORT pretreatment produced a dosedependent reduction (ϳ50% with the highest dose) in the expression of ALO AIMs that did not significantly alter L-DOPA-induced rotations. To our knowledge, this is the first report of the anti-dyskinetic effects of CORT.
In order to extend these novel findings, we also examined whether chronic, exogenous CORT administration would attenuate the development of LID. To do this, separate, but equally disabled groups of L-DOPA-naïve rats were treated daily with vehicle or CORT (1.25 or 3.75 mg/ kg) over 9 days and examined periodically for the development of ALO AIMs and rotations. To assess the longterm influence of prolonged CORT on L-DOPA-induced behaviors, rats were then administered L-DOPA alone for 4 days and tested for AIMs and rotations on the 5th day. As demonstrated in Fig. 3 , adjunctive CORT treatment delayed the development of ALO AIMs without affecting rotations. This effect was more protracted with the higher Fig. 4 . Striatal mRNA expression of pro-inflammatory cytokines, neuropeptides, and DA receptors in rats co-treated with CORT (3.75 mg/kg) and L-DOPA (4 mg/kgϩ15 mg/kg of benserazide). L-DOPA-primed rats received an injection of CORT prior to L-DOPA treatment and were examined for changes in mRNA 2 h later. Pre-treatment with CORT reduced L-DOPA-induced increases in IL-1␤, PPE, and PPD mRNA within the lesioned striatum. No changes in DA receptors were observed as a result of treatment. For IL-1␤, PPE, and PPD, * PϽ0.05 compared with all other groups. For PPT, ϩ with a solid bar underneath denotes main effect of lesion, PϽ0.05. Data are presented as mean % change from control (non-lesioned striata treated with vehicle)Ϯ1 S.E.M. dose of CORT in which ALO AIMs were consistently half of their vehicle counterparts, while in contrast, by day 8, rats receiving the low dose of CORT became increasingly dyskinetic. It is interesting to note that rats receiving the highest dose of CORT did not appear to reach vehicle pretreatment levels, even on the final test day, 6 days after their last CORT injection. This observation suggests that higher doses of CORT may have enduring effects on LID even when rats are matched for similar levels of movement disability and DA depletion. Importantly, DA levels were similar across treatment groups (PϾ0.05; data not shown) suggesting that CORT did not modulate DA metabolism. Furthermore, CORT is a powerful inducer of locomotor activity (Wolkowitz, 1994) indicating that the reduction in ALO AIMs is likely not due to an overall decrease in motor activity. Taken together, the outcome of these behavioral experiments shows for the first time that exogenous CORT administration attenuated both the expression and development of LID.
As a preliminary test of the mechanism(s) by which exogenous CORT reduced AIMs, striata from CORTtreated rats were divided for parallel determination of monoamines (verifying degree of lesion) and transcriptional changes using real-time RT-PCR. As described above (see methods for experiment 4), our transcriptional analysis focused on factors associated with dyskinesia (PPD, PPE, PPT), mRNA for DA receptors (D1R, D2R), and transcripts for key proinflammatory cytokines (IL-1, IL-6, TNF-␣) to establish a potential mechanism(s) underlying the anti-dyskinetic properties of exogenous CORT because corticosteroid treatment has pronounced anti-inflammatory properties . While these inflammatory factors have been shown to be increased in animal models of PD and suppressed by exogenous administration of glucocorticoids (Arimoto and Bing, 2003; Garside et al., 2004; Kurkowska-Jastrzebska et al., 2004; Necela and Cidlowski, 2004) , their expression has not been investigated as a function of LID. As shown in Fig. 4 , IL-1␤ mRNA was significantly increased in the DA-depleted striatum following L-DOPA administration. Though a similar pattern of changes was observed in TNF-␣ and IL-6, these effects were far more variable across subjects and failed to achieve statistical significance. It should be noted, however, that the time of tissue collection (2 h after L-DOPA administration) might explain the apparent "selective" increase in IL-1␤, and that evaluation of multiple time points could reveal a cascade of inflammatory cytokine expression involving multiple factors. The most effective anti-dyskinetic dose of CORT (3.75 mg/kg) completely reversed the increased IL-1␤ mRNA observed on the lesion side while also blunting the LID-associated increases in striatal PPE and PPD mRNA in the DA-depleted striatum, indicating that CORT may influence the output of both the direct and indirect pathway. Indeed, a major strength of the current work is that IL-1␤ changed in parallel with PPE and PPD following L-DOPA administration and CORT pretreatment providing a novel link between neuroinflammation and overactive striatal output (Cenci et al., 1998; Cenci, 2002; Tel et al., 2002) .
It is important to note certain limitations of the current series of experiments. First, an alternative interpretation for CORT reducing ALO AIMs is that it interfered with DA transmission. This said, CORT did not alter the expression of D1/D2 receptors (Fig. 4) , nor did chronic treatment of CORTϩL-DOPA alter DA levels in the striatum compared with rats that only received chronic L-DOPA, a preliminary indication that in our model CORT does not directly modify striatal DA processes. Second, changes in the reported increase in IL-1␤ mRNA cannot be directly ascribed to L-DOPA treatment as inflammation is a by-product of the DA-depleting lesion (i.e. Whitton, 2007) . Because the focus of this study was LID, all animals in the PCR experiment received L-DOPA treatment and vehicle-treated rats were not included. While these within-subjects (lesion vs. intact) comparisons can reduce variability, they may also minimize lesion effects. Studies are currently under way to further address these issues. In summary, these initial behavioral and cellular results supported that L-DOPAinduced IL-1␤ may play an important mechanistic role in the development and expression of LID.
In order to more directly test this hypothesis, IL-1ra was microinjected directly into the striata of L-DOPAprimed and treated rats. Consistent with our hypothesis, IL-1ra reduced the expression of ALO AIMs and rotations (see Fig. 5 ), although this was only significant in rats treated with the high dose of IL-1ra (100 g). Though the effects of IL-1ra were somewhat modest, this is not surprising given that L-DOPA administration activates the stri- atum very broadly (Mura et al., 2002; Svenningsson et al., 2002) , while site-specific microinfusions are, by nature, limited to a discrete location within the striatum (see Fig. 6 for injection placements). Moreover, changes in DA levels (Table 2) are likely the result of a more posterior dissection necessitated by the location of striatal cannulation, although percent change from intact striatum remained approximately the same across studies (data not shown). Indeed, a considerable strength of the present work is that it provides novel evidence implicating endogenous expression of IL-1␤ in LID, while at the same time implicating the striatum as the site of action.
While the mechanism underlying CORT attenuation of LID is currently unknown, CORT may convey its antidyskinetic effects by acting on second messenger systems common to both IL-1␤ and LID. Indeed, it is generally accepted that L-DOPA administration leads to a transient, but marked, increase in extracellular striatal DA and GLUT that stimulates intrinsic D1 and D2 receptors (Robelet et al., 2004; Cenci, 2007) and augments GLUT transmission via AMPA and N-methyl-D-aspartate receptors (Picconi et al., 2002; Santini et al., 2007) . These concerted actions initiate LID through a cyclic AMP/dopamine-and cyclic AMP-regulated phosphoprotein with molecular weight 32 and ERK-dependent signaling pathway (Santini et al., 2007) . It is at this point that the intersection may occur as ERK can activate both nuclear factor-kappa B (NF-kB) and cyclic AMP response element-binding (CREB), each of which can induce IL-1␤ (Jiang et al., 2004; Zhao and Brinton, 2004) . In support of this, CORT has been shown to attenuate the activity of ERK, CREB, and NF-kB (Necela and Cidlowski, 2004; Yu et al., 2004; Li et al., 2005) lending to its possible anti-dyskinetic effects. Future mechanistic studies will be necessary to identify the mechanisms by which CORT suppresses IL-1␤ expression in the context of LID.
While it is not entirely clear to what extent L-DOPA directly enhances striatal IL-1, it appears to be transient.
The idea that IL-1␤ augmentation is stimulus-dependent (L-DOPA) is consistent with previous reports showing that inflammatory transcripts are not elevated 18 h after the last L-DOPA injection (Konradi et al., 2004) nor are long-term changes in microglia observed (Lindgren et al., 2007) . Regardless, microglial activation is not imperative as neurons within the striatum are capable of producing IL-1␤ in response to stress (Kwon et al., 2008) , and multiple cell types in the CNS are known to express IL-1␤ (Vitkovic et al., 2000) . To what extent neuroinflammation and in particular IL-1␤ worsens LID is currently unknown, although it is well documented that IL-1␤ can activate ERK through a protein kinase C-dependent pathway (Ginnan et al., 2006) . Interestingly, IL-1␤ has been shown to exacerbate excitotoxicity (Stroemer and Rothwell, 1998; Allan, 2002) and promote seizure activity (Vezzani and Baram, 2007) , an effect that might manifest as LID in DA-depleted rats. In this regard, LID might reflect a focal burst of excitation in the striatum that is akin to seizure activity. Indeed, changes in factors that promote excitotoxicity (i.e. Ca 2ϩ , energy metabolism) have been observed long after (18 h) L-DOPA administration (Konradi et al., 2004) . This last observation might be the result of the ability of IL-1 to change the membrane potential of neurons (Ferri and Ferguson, 2003; Vezzani and Baram, 2007) thereby facilitating the activity of medium spiny neurons to produce LID behaviors.
There are two other considerations regarding CORT that should be pointed out. First, as the principal stress hormone, CORT plays an important role in regulating the stress response. However, CORT administration alone should not be equated with the stress response. More generally, stressor exposure results in array of endocrine and neurological changes that are dependent upon the nature, characteristics, and duration of the precipitating stimulus. Moreover, glucocorticoids with more profound anti-inflammatory properties such as dexamethasone, prednisone, and or hydrocortisone delivered in clinically established doses, which exceed the more physiologically relevant doses employed here, might have noticeably greater efficacy for tempering LID development and or expression.
While the precise mechanism by which IL-1␤ and CORT participate in the expression and attenuation of LID remains unclear, respectively, the current series of studies demonstrate for the first time that inflammatory factors may play a pivotal role in LID. Specifically, we have shown that CORT, a potent anti-inflammatory agent, attenuates the expression and development of LID using a well-validated rodent model (Lundblad et al., 2002; Eskow et al., 2007) . Examination of transcriptional changes using real-time RT-PCR implicated a role for IL-1␤, since mRNA for IL-1␤ was increased in the DA-depleted striatum of L-DOPAtreated rats, an effect that was completely abrogated by pretreatment with CORT. Finally, we showed that intrastriatal microinjection of IL-1ra reduced the expression of LID. Together, these findings suggest that striatal IL-1␤ may play a prominent role in the expression of LID. It should be noted, however, that increased IL-1␤ expression is often observed as just one inflammatory step in an overall cascade of neuroinflammatory signaling involving multiple cy- Paxinos and Watson (1998) . Shaded ovals depict the location of striatal microinfusion sites in rats microinjected with IL-1ra. Anatomical structures: Cc corpus collosum; Cpu caudate putamen; LV lateral ventricle.
tokines, chemokines, and prostanoids (i.e. Bayon et al., 1998) . In this regard, the present data open a wide range of questions regarding the role of inflammatory-related factors in the expression of LID. Our data, therefore, have significant implications for the development of new strategies in the treatment of LID.
